Introduction
Glial brain tumors account for 42% of all central nervous system neoplasms, with 75% of these classified as malignant [1] . Astrocytomas are tumors of glial origin that can impair brain function and compromise mental health, and globally affect more men than women [2] . Malignant astrocytomas are aggressive cancers with poor clinical outcomes that beckon for greater treatment options [3] . Even with decades of research and treatment trials, the current standards in treatment are aimed at providing palliative care. Malignant gliomas have an ability to acquire resistance to therapeutic modalities and are inherently aggressive due to their aberrant proliferation, reduced apoptosis, avoidance of external and growth control and immunoregulation [4 ] .
As molecular biomarkers and cell signaling pathways are identified in gliomas, targeted therapies are becoming more promising and many platforms for developing and testing interventions use in vitro models [5] . Cell culture systems offer a cost-effective approach to study complex cellular processes such as migration, differentiation, angiogenesis and tissue folding [6] . Cell culture systems are an essential and easily manipulated tool in the cancer research experimental repertoire. Traditionally, cell culture has been conducted on flat and rigid substrates, which are engineered to allow cell adhesion and propagation in what is known as a two-dimensional (2D) monolayer system. However, cells in tissues and organs grow next to, and on top of one other, in a multilayered three-dimensional (3D) fashion and are surrounded by a complex extracellular matrix as well as diffusible factors [7] . The cell's microenvironment plays a critical role in determining cellular morphology and gene expression levels, which in turn can drive cancer progression [8, 9] . There is increasing awareness that 2D monolayer culture systems may not adequately provide predictive data with respect to the response of cells to anti-cancer drugs because they lack the complex tissue organization of the in vivo systems [9, 10] .
Tissue engineering is a powerful methodology that enables the design of experimental systems to identify treatments for disorders such as cancer, neurodegenerative diseases and cardiovascular diseases [11] . Novel cell culture platforms have been developed using tissue engineering approaches through directed integration of living cells, scaffold materials and essential growth factors [12] . Hydrogel scaffolds are becoming increasingly popular for tissue culture due to their biocompatibility and resemblance to the naturally occurring extracellular matrices, which allow for optimal cell growth, migration and survival [13, 14] . For these reasons, tissue engineering with matrix hydrogels provides a promising alternative for traditional in vitro 2D models. Currently, culture platforms that incorporate hydrogels are being used in cancer research for screening anti-cancer compounds [15] [16] [17] . Reports suggest that these hydrogel systems more closely resemble cell-cell and cellmatrix interactions occurring in native tumor tissue, for example, through promotion of cell aggregation and spheroid formation [13, [18] [19] [20] .
In the current study, we evaluated a hydrogel culture system for its ability to facilitate the growth and survival of CCF-STTG1, a cell line that was derived from a (female) donor diagnosed with Grade IV astrocytoma [21] . A subset of experiments were designed to permit comparisons with LN-18, a (male) Grade IV astrocytoma cell line that has been used in prior studies to determine the impact of the tissue culture environment on cell morphology, and for structural investigations of autophagy [23] . Experiments presented here examined the growth of CCF-STTG1 and LN-18 under conventional cell culture conditions (monolayer) and with hydrogel. The matrix environment was provided using Geltrex ™ , a hydrogel prepared from murine Engelbreth-Holm-Swarm tumors and containing a proprietary mix of structural proteins and growth factors vital for cell growth and differentiation [24] . The structural organization of CCF-STTG1 and LN-18 cells in monolayer and hydrogel environments was visualized using light and fluorescence microscopy. Additional experiments were undertaken to visualize the morphology of the CCF-STTG1 cells using transmission electron microscopy (TEM) and outcomes were compared with those from previous investigations with LN-18 [23] . We used a data mining approach for in silico identification of the autophagy genes from the Human Autophagy Database (HADb) in Gene Expression Omnibus (GEO) microarray data for the CCF-STTG1 cell line and compared outcomes to those from a GEO DataSet for a normal human astrocyte cell line. Autophagy genes retrieved from the microarray data were further examined through ontological and pathway analysis. Quantitative PCR (qPCR) analysis of Beclin 1 (BECN1) and microtubule-associated proteins 1A/1B light chain 3B (MAP1LC3B), two key autophagy biomarker genes, was completed in the two culture conditions.
Our results showed that the Grade IV astrocytoma cell lines, CCF-STTG1 and LN-18, can be maintained in conventional monolayer culture on a rigid substrate, and in the extracellular matrix hydrogel, Geltrex ™ . We observed that cellular reorganization from dispersed cells to cell aggregates is enabled in the hydrogel for both cell lines. Structural features such as autophagy and nuclear envelope distortions are present in both conditions for CCF-STTG1, consistent with prior observations in LN-18 cells [23] . TEM imaging indicates that CCF-STTG1 cells migrate into the hydrogel from the surface onto which they are seeded. Analysis of 222 HADb genes implicated in autophagy pathways in open source datasets for CCF-STTG1 and normal astrocytes suggests a subset of autophagy genes are expressed in both cell lines when cultured under monolayer conditions. qPCR experiments showed increase in the relative expression of the autophagy biomarkers, BECN1 and LC3B, in hydrogel cultures of CCF-STTG1 as compared to monolayer culture in experiments with the two reference genes, beta actin (ACTB) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Taken together, these findings may be useful for the future design and identification of intervention strategies against astrocytoma.
Methods

Cell Culture
The CCF-STTG1 cells (ATCC ® CRL 1718 ™ ; Lot #s 58033362 and 61318750) were cultured according to the vendor's instructions (ATCC; Manassas, VA) using RPMI-1640 medium (ATCC, Lot # 62285353) supplemented with 10% fetal bovine serum (FBS; Gibco, Lot #1025354). The LN-18 cell line (ATCC ® CRL 2610 ™ ; Lot #61978349) was cultured as per the vendor's instructions (ATCC) using DMEM medium (ATCC, Lot #64017510) supplemented with 5% FBS. The culture media were replenished every 48 h and the cell growth was monitored at regular intervals using an inverted Nikon Diaphot TMD phase-contrast microscope. At ~80% confluence, the cells were dislodged with 0.25% trypsin-EDTA solution (Sigma-Aldrich; T4049). Three stock ampules (passage 1) were frozen for each lot of cells until experimentation.
The CCF-STTG1 cells for live cell imaging, epifluorescence microscopy and TEM were prepared by thawing a previously frozen stock ampule (Lot # 58033362, Passage 1) in a T25 flask. The cells were trypsinized at 80% confluency and titered using a hemocytometer. The cells were plated at passage 2 at a seeding density of 5 × 10 4 cells per cm 2 in 2 slides, 4 chambers each. One slide was used for fluorescence microscopy (VWR, Cat #62407-294) and the other for TEM (Permanox ™ ; Nalge Nunc International, Rochester, NY, Cat #62407-330). The LN-18 cells were prepared for live cell imaging and epifluorescence microscopy using the cell culture and sample preparation protocol described above. Two chambers on each slide were used for conventional monolayer culture. The other two chambers were used for 3D hydrogel culture in LDEV-Free Reduced Growth Factor Basement Membrane Matrix-Geltrex ™ (Invitrogen; Cat # A1413202). The experiment was repeated three times using the cell culture and sample preparation protocol above. CCF-STTG1 cells intended for live cell imaging and RNA isolation (Lot # 61318750, Passage 1) were thawed in a T25 flask and passaged as described above. The cells were plated at passage 2 in 2 T25 flasks-1 for monolayer and other for hydrogel culture. The experiment was repeated three times using the above protocol.
Matrix Preparation
Geltrex
™ was stored at −80 °C and thawed at 4 °C one day before its intended use according to vendor instructions The hydrogel solution was mixed well by trituration with a pipette, then added to the slide chambers and T25 flasks (100 μl per cm 2 ) under sterile conditions. The slides and T25 flasks were incubated at 37 °C for 30 min to allow the solidification of matrix. Cells were added to the hydrogel at a density of 5 × 10 4 cells/cm 2 and allowed to grow for 48 h at 37 °C and 5% CO 2 to ~80% confluence before capturing images using epifluorescence and transmission electron microscopy.
Fluorescent Probes
Monolayer and hydrogel cultures were prepared for epifluorescence microscopy. One chamber from each condition was labeled with fluorescent probes and the other was fixed but not labeled to serve as an auto-fluorescence control. Fixation and fluorescent labeling were undertaken at room temperature (~70 °F) unless otherwise indicated. The cells were washed once for 2 min with 800 µl of serumfree media (RPMI1640; ATCC, Lot #62285353) followed by fixation using 4% paraformaldehyde (PFA; Electron Microscopy Sciences, CAS #30525-89-4) for 10 min. The cells were then rinsed twice for 2 min with 800 µl of 1× Phosphate buffered saline, pH 7.4 (PBS; Sigma-Aldrich, P3813), permeabilized for 20 min with 500 µl of 0.2% Triton X-100 (Sigma-Aldrich; Cat # T8787) in 1X PBS, then washed twice for 2 min with 800 µl of 1× PBS.
For F-actin visualization, cells in each chamber were incubated for 20 min in the dark in Alexa Fluor ® 488 phalloidin dye (Invitrogen; Cat # A12379) diluted with 1% bovine serum albumin (BSA; Sigma-Aldrich, Cat # A2153) in 1× PBS. 5 µl of 6.6 µM methanolic stock of Alexa Fluor ® 488 phalloidin dye was added for every 200 µl of 1% BSA in 1× PBS. The auto-fluorescence control samples were treated with equal amounts of 1% BSA in 1X PBS during this procedure. The labelled cells were rinsed twice with 800 µl of 1× PBS, then incubated in the dark for 10 min with 500 µl of 1 μg/ml Hoechst 33342 (Invitrogen; Cat # H3570) solution in 1× PBS. The auto-fluorescence control samples were treated with equal amounts of 1× PBS during this procedure.
The chambers were rinsed twice with 800 µl of 1× PBS then processed with the SlowFade ® AntiFade kit (Invitrogen, Cat # S2828). Briefly, cells were incubated in 300 µl of AntiFade Solution C for 15 min. The AntiFade solution C was removed and the sidewalls of the culture chambers were detached. This was followed by addition of a drop of AntiFade Solution A on the slide. The coverslip was gently placed on the slide to avoid the formation of air bubbles. The corners of the coverslip were sealed with nail polish to prevent the samples from drying.
Phase Contrast and Epifluorescence Imaging
Live monolayer and hydrogel cultures of CCF STTG1 cells were viewed using an inverted Nikon TE-2000 microscope integrated with a Coolsnap HQ CCD camera (Photometrics). Slides with fixed and labeled cells were viewed with the same platform using epifluorescence filter cube (B-2E/C or FITC) for Alexa Fluor ® 488 phalloidin and UV-2A filter cube for Hoechst 33342.
TIFF images (1940 × 1460 pixels) were acquired using the Metavue image capture software (Molecular Devices) a 20× objective.
Quantification of Fluorescence Images
We assessed the characteristics of the cultures by counting the number of nuclei from fluorescent images of cells stained with Hoechst 33342 using the 'multi-point tool' in the ImageJ software platform [25] . The areas in the black background of composite images of cultures labelled with Hoechst 33342 and Alexa Fluor ® 488 phalloidin, representing non-fluorescent regions without cells, were measured by selecting a thresholded region in the image using the Image J Measure tools. Data and statistical analysis are shown in Online Resource 2.
Transmission Electron Microscopy
Two resin blocks were prepared from each chamber comprising cells grown either in monolayer (6 chambers, 12 blocks) or hydrogel (6 chambers, 12 blocks). Fixation and sample processing was undertaken at room temperature (~70 °F) unless otherwise indicated. Cells in Permanox ™ slides were fixed for 16 h in 1.5 ml of 2.5% glutaraldehyde (Electron microscopy sciences, CAS #111-30-8)/0.1 M cacodylate buffer (Electron microscopy sciences, #11650) at 4 °C, then rinsed twice (10 min each) with 1 ml of 0.1 M in cacodylate buffer. The cells were post-fixed for 2 h by incubation in 1 ml of 2% osmium tetroxide (Electron microscopy sciences, CAS #20816-12-0)/0.1 M cacodylate buffer. The cells were washed with 1.5 ml of ddH 2 O for 15 min, then dehydrated consecutively in 50, 70 and 95% ethyl alcohol (1 ml per chamber; 2×, 10 min each), followed by exposure to 100% ethyl alcohol (1 ml per chamber; 3×, 10 min each). Cells then were treated with 1 ml per chamber of the transitional solvent-a mixture of acetone : ethanol (2:3) 3 times (10 min each).
Fixed dehydrated samples were infiltrated with a mixture of absolute ethanol : EMbed 812 resin (Electron Microscopy Sciences, #14120) in 1:1 and 1:3 proportion (1 ml per chamber) for 30 min each, then exposed to pure resin for 15 min. The resin was replaced with fresh resin to fill the slide chambers to a height of ~2 mm. The slides were cured for 48 h in a 60 °C oven. After 48 h, the chambers were removed from the slide and placed in liquid nitrogen to break away the Permanox ™ . The resin blocks were separated from the broken Permanox ™ chambers with pliers. Resin blocks were cut into two pieces and each piece was double-embedded by arranging it cell-side down on a mold containing 100% EMbed 812 resin and curing for 48 h in a 60 °C oven. Grids were prepared from two resin blocks obtained from each chamber. A UC6 ultra-microtome (Leica Microsystems Inc., Buffalo Grove, IL) was used to prepare ultra thin sections of ~70 nm from resin blocks. Sections were collected on Formvar carbon grids (Electron microscopy sciences, Cat #FF100-Cu) and labelled using 2% aqueous Uranyl acetate solution in distilled water (Electron microscopy sciences, #22400).
A transmission electron microscope, H-7650 (Hitachi High-Technologies, Pleasanton, CA) equipped with an integrated CCD camera (AMT Corp., Woburn, MA) was used to view ultrastructural features of the cells. Accelerating voltages between 80 kV and 120 kV were used to examine grids and capture TIFF images (4000 × 3038 pixels).
Data Mining
Queries of the NCBI repository, GEO DataSet, retrieved one microarray dataset for the CCF-STTG1 cell line (GSM886923; 2012; Online Resource 3) and three datasets for a normal human astrocyte cell line (GSM397656-8; 2011; Online Resource 4), all arrayed on the Affymetrix Human Genome U133 Plus 2.0 Array chip that interrogates expression of over 47,000 transcripts and variants. The Affymetrix CEL files for GEO DataSet were downloaded from NCBI and submitted to the Array Analyis web-server [26] to retrieve 'Present', 'Marginal' and 'Absent' calls that, together with corresponding Ensembl IDs, were imported to Microsoft Excel. Gene expression data for PSIDs for HADb autophagy genes from the four datasets were analyzed for the common incidence of 'Present' (P) 'Marginal' (M) and 'Absent' (A) calls (Online Resource 5).
The PSIDs in the CCF-STTG1 microarray corresponding to HADb genes with a 'Present' call were submitted to the analysis wizard of The Database for Annotation, Visualization and Integrated Discovery (DAVID) version 6.8 [27] . 'Gene List' was selected as a list type and 'Official Gene Symbol' was selected as an identifier. The annotations were limited to the species 'Homo sapiens'. Gene ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis for the autophagy-linked genes were completed using the functional annotation tool. Three GO terms (biological process, cellular component and molecular function) were used for analysis using medium stringency settings. GO results were summarized as the abundance of GO terms significantly associated with the gene list (P value < 0.05). KEGG pathways showing significant involvement of the autophagy-associated genes (P value < 0.05) were summarized in Online Resource 7. The KEGG pathways for 'Regulation of autophagy' and 'Pathways in cancer (Glioma)' were downloaded and shown as Figs. 5 and 6. Functional annotation clustering was undertaken for the genes with 'Present' calls and significant clusters (enrichment score > 1.3, P value < 0.05) were summarized in Online Resource 7.
RNA Isolation and Quantitative PCR (qPCR)
RNA was isolated from monolayer and hydrogel cultures using TRIzol ® Plus RNA Purification Kit according to vendor's instructions (Ambion). DNase treatment of the RNA isolate to remove DNA contamination was achieved with the DNA-free ™ kit from Ambion and according to manufacturer's instructions. The quality of resulting RNA was evaluated using an Agilent 2100 bioanalyzer. Complementary DNA (cDNA) was prepared using 30 ng of RNA as a starting material and SuperScript ® III First-Strand Synthesis System for RT-PCR (Invitrogen) according to vendor's instructions. cDNA quality was analyzed using a Nanodrop Lite Spectrophotometer (Thermo Scientific) (Online Resource 8; Table 2 ) and polymerase chain reaction (PCR) using Platinum Hot Start PCR 2X Master Mix (Invitrogen) and primers for BECN1, LC3B, ACTB, and GAPDH genes (Integrated DNA Technologies) with sequences shown in Table 1 . The PCR product sizes were analysed using 2% agarose gel electrophoresis (Online Resource 8, Fig. 3 ). qPCR was undertaken using Taqman ® Universal Master mix II with UNG (Thermo Fisher, Cat #4440038), Taqman ® Gene Expression Assays for BECN1-Hs00186838_m1, GAPDH-Hs02758991_g1, MAP1LC3B-Hs00797944_ s1 and ACTB -Hs01060665_g1, and 1:100 dilution of template cDNA. A total of four 96-well plates (BECN1-ACTB, BECN1-GAPDH, LC3B-ACTB and LC3B-GAPDH) were completed on StepOnePlus ™ Real-Time PCR System (Applied Biosystems). A five-point 10-fold standard dilution series (1:5, 1:25, 1:125, 1:625, and 1:3125) was used to check the performance of each Taqman ® assay using cDNA obtained from monolayer RNA sample. The relative standard curve method was used for relative quantification of BECN1 and LC3B gene expression. Parameters were set for precise quality control of qPCR assays. Plate data were analyzed only if three quality criteria were met: (1) slope between −3.3 and −3.6, (2) PCR efficiency between 80 and 110%, and (3) correlation coefficient (R 2 value) > 0.99 for standard curves [28] .
Each plate was processed with three technical replicates for each gene for each experimental stock vial of cells (n = 3 separate stock vials), for a total of 18 experimental samples (3 hydrogel treatment groups; 3 monolayer calibrator groups; 3 replicates each) along with a positive control, no template control (NTC) and no reverse transcriptase control (NRTC). BECN1 and LC3B gene expression was normalized to two reference genes, Table 1 Primers sequences for BECN1, LC3B, ACTB, and GAPDH genes cDNA quality was assessed with PCR using primers designed to overlap the locations of Taqman ® assays for target (BECN1, LC3B) and reference (ACTB, and GAPDH) genes, which were used for qPCR analysis. PCR product size was analyzed using 2% agarose gel electrophoresis (Online Resource 8, Fig. 3 
Analysis of PUBMED Publications Using Glioblastoma Cell Lines
The commercially available glioblastoma cell lines and gender of the respective donors were retrieved from the ATCC website [30] . PUBMED was queried with the commercial name of each cell line to identify research reports from the past 10 years. Data were analyzed for differences in the number of female versus male ATCC cell lines, as well as differences in the number of publication reports for female and for male cell lines (Online Resource 9).
Fig. Preparation
Phase contrast, epifluorescence and TEM pictures were assembled and labelled using Adobe Photoshop CS6. Minimal image processing was carried out to improve contrast using the 'levels' sliding bar. The image files were saved in TIFF format (3000 × 2258 pixels) at the resolution of 300 dpi. The graphs were prepared using Microsoft Excel 2010 and tables were prepared using Microsoft Word 2010.
Compliance with Ethical Standards
The CCF-STTG1 (ATCC ® CRL-1718 ™ ) and LN-18 (ATCC ® CRL-2610 ™ ) cell lines are offered by the vendor in compliance with national ethics standards. CCF-STTG1 and LN-18 cell lines are derived from female and male patients of Caucasian ethnicity, 68 and 65 years of age respectively [31, 32] . The cell lines are de-identified and can be validated with short tandem repeat (STR) profiling as confirmed by the vendor. The human origin of the CCF-STTG1 and LN-18 cell lines was verified by ATCC. The cell lines were cultured in the lab according to the vendor's instructions and used within the first 3 passages and no longer than 3 months after receipt from the vendor. The use of the cell lines was approved by the NMSU Institutional Biosafety Committee (1401SE2F0103; "Gene Expression in the Nervous System"). Commercially available human cell lines from the ATCC repository are not considered human subjects research under the HHS human subjects regulations (45 CFR Part 46) and are not reviewed by the NMSU Institutional Review Board.
Results
Cellular Reorganization in Hydrogel Environments can be Visualized with Light Microscopy
Phase contrast imaging of live cells allowed for visualization of distinguishing features of astrocytoma in monolayer and hydrogel systems (Fig. 1) . In monolayer culture conditions, CCF-STTG1 (Fig. 1a, c, e) and LN-18 (Fig. 1g, i, k) cells assumed stellate or oblong-shapes, were dispersed on the slide substrate, and appeared phase-dark. In hydrogel, the CCF-STTG1 cells were closely associated with each other to form clusters (Fig. 1b, d, f) . These clusters appeared to connect with the other clusters in the vicinity (Fig. 1f) . LN-18 cells cultured in hydrogel formed compact aggregates that were distinct from each other (Fig. 1h, j, l) .
Epifluorescence microscopy was used as an additional tool to characterize the contrasting morphologies of the two culture systems following labelling with fluorescent probes for F-actin (Alexa Fluor ® 488 Phalloidin) and DNA (Hoechst 33342) (Fig. 2) . In monolayer culture systems, CCF-STTG1 cells appeared flat and spread horizontally on rigid tissue culture surfaces. The traditional culture system promoted cell growth, adjacent to each other without clumping or multilayer growth. Irregular shaped nuclei, some sickle shaped, were visible in both culture systems. Hydrogel cultures of CCF-STTG1 enabled the cells to grow in clusters with strands of cells bridging the masses (Fig. 2d, e, f) , while LN-18 cells grew in the form of aggregates that were distinct from each other (Fig. 2j, k, l) . Color epifluorescence images are depicted in Online Resource 1.
Quantification of Fluorescence Images Revealed a Higher Number of Nuclei in Hydrogel Cultures Than Those in Monolayer Cultures of Astrocytoma
Analysis of the number of nuclei present in monolayer and hydrogel cultures of astrocytoma showed that the hydrogel cultures had approximately twice the number of nuclei as compared to their monolayer counterparts (P value < 0.05) within a comparable area, suggesting that the hydrogel may stimulate cell proliferation. The data were shown as the number of nuclei per 100 µm × 100 µm area in Online Resource 2. The area of the non-fluorescent background was found to be similar for the monolayer and hydrogel cultures of CCF-STTG1 and LN-18 cells (P value >0.05; Online Resource 2).
Ultrastructural Analysis with TEM Uncovers Autophagic Vacuoles and Nuclear Membrane Invaginations
TEM imaging of monolayer and hydrogel cultures uncovered ultrastructural features of CCF-STTG1 cells (Fig. 3) .
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The cells in monolayer environments (Fig. 3a, b, c) exhibited elongated nuclei (Fig. 3a,'n' ) and a few autophagic vacuoles (Fig. 3a, b, c, white arrowheads) . Intercellular junctions were present between neighboring cells (Fig. 3b,  white arrows) . The cells cultured in hydrogel (Fig. 3d , e, f) comprised nuclei (Fig. 3d , e,'n'), intercellular junctions (Fig. 3f, white arrows) and autophagic vacuoles (Fig. 3d, e , white arrowheads). Nuclear membrane invaginations were present in cells cultured under both conditions (Fig. 3a,  f, black arrows) . The Geltrex ™ matrix could be observed around cells in hydrogel as a grainy material indicating migration of cells into the hydrogel (Fig. 3f) . 
Autophagy-linked Genes were Identified by Analysis of Open Source Data Sets
Ontological and Pathway Analyses Uncovered Functional Significance of HADb Gene Lists
Ontological analyses and functional annotation clustering were undertaken for the 181 HADb genes corresponding to PSIDs with a 'Present' call in the CCF-STTG1 microarray data using the default GO categories 'biological process', 'cellular component' and 'molecular function'. GO reported 448 terms (biological process, 307; cellular component, 72; molecular function, 69) that were significantly associated with the HADb genes (P value <0.05; Online Resource 6). Functional annotation clustering for these genes resulted in 39 significant clusters (enrichment score >1.3, P value <0.05) as summarized in Online Resource 7.
KEGG pathway analysis was undertaken for the 181 HADb genes with PSIDs assigned a 'Present' call in the CCF-STTG1 microarray data (Online Resource 5). Our results show that 132 of the 181 HADb genes are significantly involved in 84 different pathways (P value < 0.05). The KEGG pathways for the 'Regulation of autophagy' and 'Pathways in cancer (Glioma)' are graphically summarized in Figs. 5 and 6 respectively. The regulation of autophagy pathway depicts several interconnected signaling events occurring within the cell during various stages of autophagy such as induction, nucleation of autophagosomes, and their elongation and maturation (Fig. 5) . Figure 6 highlights the complex interplay between several genes involved in two alternate pathways in glial cells that lead to the formation of GBMs, namely de novo pathway and secondary pathway.
BECN1 and LC3B Gene Expression is Lower in Monolayer Cultures than in Hydrogel Cultures
BECN1 and LC3B were chosen for gene expression analysis because they are key autophagy biomarkers [33, 34] . Moreover, these genes had intermediate intensity values (~9 A.U.; max, 14.6) in microarray expression data for the CCF-STTG1 cell line (Online Resource 3), indicating they were abundant targets and good prospects for gene amplification. The RNA was isolated from the monolayer and hydrogel cultures of CCF-STTG1 and the quality of RNA was assessed using Agilent Bioanalyzer 2100. RIN values were not displayed by the Agilent software due to the low RNA concentration of RNA [35] . However, upon visual inspection of the electropherograms (Online Resource 8, Fig. 1 ) the expected number of peaks and low baseline between peaks were observed indicating that the RNA was intact. The Agilent chip electrophoresis of RNA samples showed crisp bands and no degradation products were observed (Online Resource 8, Fig. 2 ). The concentrations of RNA samples were determined (Online Resource 8, Table 1 ) and cDNA was prepared using the same RNA and its concentration was measured using Nanodrop Lite Spectrophotometer (Online Resource 8, Table 2 ). The quality of cDNA prepared from monolayer and hydrogel RNA samples was assessed with polymerase chain reaction (PCR) using primers for BECN1, LC3B, ACTB, and GAPDH genes (Methods, Table 1 (Table 2) for the hydrogel treatment group as compared to the monolayer calibrator group. The BECN1 gene showed twofold and 1.5-fold higher relative expression in hydrogel cultures as compared to monolayer cultures, when normalized to ACTB and GAPDH respectively. The LC3B gene showed 3.9-fold and 1.7-fold higher relative expression in hydrogel cultures than in monolayer cultures, when normalized to ACTB and GAPDH respectively. Our findings were found to be significant for BECN1 when normalized to ACTB and for LC3B when normalized to ACTB and GAPDH (P value < 0.05). The greater variation in raw C T values for the GAPDH gene between the monolayer and hydrogel conditions may explain differences in the outcomes between the two reference genes. Table 2 Relative expression of BECN1 and LC3B in hydrogel as compared to monolayer cultures qPCR analysis of BECN1 and LC3B abundance in hydrogel and monolayer cultures was undertaken with reference genes ACTB and GAPDH. Shown in the table is the relative expression change of hydrogel (Treatment Group) versus monolayer (Calibrator) computed from 3 technical replicate wells for each experimental stock vial and represented as Mean ± Standard Error (S.E.). The guidelines recommended by Livak et al. were followed for calculating relative expression values [29] . 
The Number of Articles Published Using Female Donor Glioblastoma Cell Lines Is Lower than Those Published Using Male Donor Cell Lines
Analysis of the glioblastoma cell lines provided by ATCC revealed that 3 (27%) of 11 ATCC cell lines are available from female donors. Moreover, the number of articles published using female donor cell lines in the past 10 years is lower than those using male donor cell lines, comprising 9% of the total number of published articles (P-value < 0.05, Online Resource 9).
Discussion
When CCF-STTG1 and LN-18 cells were grown in conventional monolayer cultures, they appeared phase-dark, flattened, and were dispersed over the slide surface. In contrast, CCF-STTG1 cells cultured in Geltrex ™ matrix aggregated into clusters with interconnecting strands of cells. Images acquired with TEM (Fig. 3) suggest that CCF-STTG1 cells migrate into the Geltrex ™ matrix. Previous studies have shown that the migration and morphology of glioblastoma cells are affected by the type and concentration of hydrogel used for cell culture [36] . Analysis of the number of nuclei present in monolayer and hydrogel cultures of astrocytoma showed that twice as many nuclei were present in hydrogel cultures of comparable area (Online Resource 2), suggesting that cells may proliferate faster in hydrogel than monolayer environments [37] . The LN-18 cells also formed compact distinctive spheroids in hydrogel. Interestingly, previous studies have demonstrated the formation of neurospheres by LN-18 cells in the presence of growth factors [38] . These combined results are consistent with research that shows that the morphology of cells in culture is responsive to hydrogel environments [8, 9] and warrant future experiments examining the impact of serum-free media on cell growth in monolayer and hydrogel cultures [38, 39] . Studies that examine cellular features of astrocytoma emphasize light microscopy methods and in comparison, far less is known about their high resolution cellular ultrastructure [40, 41] . The scarcity of ultrastructural information prompted our efforts to examine features of monolayer and hydrogel CCF-STTG1 cultures with TEM. Nuclear membrane invaginations are considered a hallmark of cancer cells [42] [43] [44] and TEM images of astrocytoma cells in monolayer and in hydrogel cultures exhibited nuclear membrane invaginations similar to those observed in breast cancer, thyroid cancer, acute myeloid leukemia and other gliomas [42] [43] [44] . These invaginations are thought to be linked to the ability of cancer cells to migrate to distant locations via metastasis and altered calcium signalling in these cells [44, 45] . In addition, the formation of these invaginations has been attributed to a change in nuclear lamins, which in turn regulate the rigidity and shape of the nucleus [45] . Images of cells labelled with the fluorescent DNA probe Hoechst 33342 showed elongated and irregular sickle-shaped nuclei in both monolayer and hydrogel cultures (Fig. 2) . These results are in agreement with previous work conducted on high-grade gliomas in mouse brains, where they have reported the presence of spindle-shaped cells containing elongated nuclei [46] .
Autophagic vacuoles were visible in ultrastructural images of monolayer and hydrogel cultures (Fig. 3) . Among many physiological roles, autophagy aids in maintaining homeostasis and has been implicated in starvation adaptation, cell death, tumor suppression, antigen presentation, development, and clearance of intracellular proteins and organelles [47] [48] [49] [50] [51] . Autophagy is also involved in different pathologies such as cancer, inflammation, and neurodegenerative conditions [52] . In cancer, autophagy has a complex dual role as it can assist in suppressing tumor growth and also promote tumor cell survival [53] [54] [55] [56] [57] . Nuclear envelope invaginations were observed as shown in image E and F (black arrows). Geltrex ™ can be seen around the cells in the form of a grainy material (Fig. 3f) . The images were captured from grids prepared from independent experiments conducted with cells cultured from different frozen stock sister ampules (a,d Ampule 1; b,e Ampule 2; c,f Ampule 3). Scale bar 800 nm (a-e), 2 µm (f) We were intrigued by the observation of autophagic vacuoles in CCF-STTG1 cells and sought to probe genetic underpinnings by analyzing available datasets. We began by searching for open source transcriptome profiling data that could facilitate in silico analysis. Queries of the NCBI GEO DataSet repository retrieved microarray datasets for CCF-STTG1 and a normal human astrocyte cell line. When we cross-referenced the microarray expression data with the autophagy-linked genes listed on HADb, we noted that 170 of the 222 autophagy genes were assigned 'Present/Marginal' calls in both cell lines. Some HADb genes were assigned 'Present/Marginal' calls in only one of the cell lines (CCF-STTG1, eleven; normal astrocytes, nine), while thirty HADb genes were assigned 'Absent' or 'No P/M/A Base Call (NBC)' (Online Resource 5). Ontological analyses of 181 HADb genes corresponding to PSIDs with a 'Present' call in the CCF-STTG1 microarray data yielded 448 GO terms associated with these genes (Online Resource 6). KEGG pathway analysis showed that 77% of the 181 HADb genes were involved in 84 different pathways including those associated with autophagy ( Fig. 5) and glioma (Fig. 6) .
The intensity values from the microarray dataset informed pilot efforts to examine potential differences in gene expression elicited by the two culture environments. Microarray data intensity values are correlated with transcript abundance and directed our experimental efforts toward qPCR analysis of BECN1 and LC3B gene expression in monolayer and hydrogel cultures because both genes had intermediate intensity values of approximately HADb genes for PSIDs with a 'Present' call in GEO DataSet GSM886923 were involved in signaling pathways in the regulation of autophagy (P value < 0.05) 9 (Online Resource 3). BECN1 has been identified as a key autophagy regulator protein involved in the formation, extension and maturation of autophagosome, a unique organelle which mediates autophagy phenomenon [58] [59] [60] , while LC3B is one of the structural proteins involved in the formation of the autophagosomal membrane and is a biomarker routinely used for monitoring autophagy [33] . At least two reference genes are recommended to improve reliability and accuracy of qPCR normalization [61] [62] [63] . Accordingly, we selected ACTB and GAPDH as reference genes due to their high expression levels in the cell cultures [64] . Our qPCR analysis showed a modest relative increase in the expression of BECN1 and LC3B genes in hydrogel cultures as compared to monolayer cultures. Changes in BECN1 and LC3B expression have been reported as features of the cancer state. Some findings suggest that BECN1 is upregulated in glioma and colorectal cancers, leading to poor prognosis in patients [65] [66] [67] , while others observe a reduction in BECN1 and LC3B expression, leading to the tumor progression in gliomas and other cancer types [34, [68] [69] [70] [71] . These differences may underscore the complexity of the role of autophagy in cancer progression as well as differences in tissue type and origin [23, 72] .
Finally, in the process of selecting the CCF-STTG1 cell line for experimentation, we noted that although there is much evidence in support of sex differences in brain cancer incidence, disease progression, and response to treatment, fewer studies have been undertaken with commercial astrocytoma cell lines from female donors. For example, we observed that 27% of the ATCC collection of adult human glioblastoma cell lines that includes CCF-STTG1 were of female origin. Furthermore, queries of PUBMED showed that in the past 10 years, only 9% of the publications with the ATCC human glioblastoma cell lines have incorporated cell lines from female donors (Online Resource 9). We sought to bridge this knowledge gap by undertaking experiments with the female line, CCF-STTG1. The literature demonstrating sex-based differences in astrocytoma progression, therapeutic outcomes and mortality, supports greater consideration of this variable in the use of human cell lines for gliomas [2, 22, 73] .
Summary
Our findings show that hydrogels such as Geltrex ™ can be readily adapted for astrocytoma culture systems and reinforce the idea that the tissue microenvironment plays a key role in modulating cellular morphology and gene expression [8, 9] . Our results demonstrate the presence of autophagic vacuoles and nuclear membrane invaginations in a high-grade astrocytoma culture, and suggest that the autophagy biomarkers, BECN1 and LC3B, may be elevated in hydrogel environments. Methods presented here can be useful for other investigators who seek protocols for hydrogel culture and for preparing tissue culture samples for transmission electron microscopy, as well as those who seek to include a female astrocytoma cell line in their experimental design. Taken together, our findings suggest that autophagy may play a role in growth and survival of CCF-STTG1 cells and that autophagy genes and their products may be potential targets for intervention strategies against astrocytomas.
